Introduction
============

Leaf variegation is a common phenomenon in many ornamental plants and crops. Mutations in both nuclear and organelle genomes reportedly cause leaf variegation or striping ([@bib43]; [@bib34]; [@bib46]). Although molecular characterization of leaf-variegated mutants has confirmed that leaf variegation results from various redundant functions related to chloroplasts, the precise mechanism leading to such chimeric chloroplast development in the same leaf tissues remains poorly understood. Generation of non-identical variegated sectors in each leaf suggests a threshold level of factor(s) that arrest proplastid differentiation into chloroplasts. Consequently, close examination of the formation of variegated tissues through various experimental approaches enables us to understand important factors affecting chloroplast development.

The variegated mutant *yellow variegated2* (*var2*) in *Arabidopsis thaliana* has been specifically investigated as a model to study the formation of green/white variegated sectors. True leaves in *var2* form non-identical variegated sectors, indicating that chloroplast differentiation is defective at an early phase of leaf cell lineage ([@bib37]). The *VAR2* locus encodes FtsH2, an isoform of chloroplastic metalloprotease FtsHs ([@bib13]; [@bib41]). In chloroplasts, FtsH plays an essential role in the progressive degradation of thylakoid membrane proteins along with other proteases ([@bib3]; [@bib36]; [@bib22]). Chloroplast FtsH, which forms a hetero-complex, comprises four major isomers (FtsH1, 2, 5, 8), which are functionally distinguished as two types (FtsH1 and FtsH5 belong to Type A; FtsH2 and FtsH8 belong to Type B) ([@bib48]). Because FtsH levels are regulated on a post-translational level, a lack of FtsH2 results in an overall decrease in the FtsH heteromeric complex ([@bib35]; [@bib47]). It was assumed that a level of FtsH2 below the threshold caused leaf variegation ([@bib29]; [@bib47]). Similarly to *var2*, a lack of FtsH5 results in an additional variegated mutant known as *yellow variegated1* (*var1*) ([@bib33]). Based on these phenotypes in *var1* and *var2*, it is proposed that FtsH is involved in both thylakoid formation and protein degradation.

Aside from the variegation phenotype in the mutant, FtsH protease was also shown to participate in the specific degradation of D1 protein in the Photosystem II (PSII) reaction centre as a critical component of the PSII repair cycle ([@bib9]; [@bib31]; [@bib21]). Lack of FtsH in *var1* and *var2* mutant leaves show impaired D1 degradation when exposed to photoinhibitory light conditions ([@bib9]; [@bib33]; [@bib29]). More importantly, it was found that chloroplasts in *var2* green sectors accumulate substantial levels of reactive oxygen species (ROS) ([@bib20]). It was assumed that such an elevated ROS reflects gene expression in *var2* green sectors.

In this study, a comparative microarray analysis was performed between wild-type ecotype Columbia (Col) leaves and green and white sectors in *var2*. Chloroplast ROS in *var2* green sectors do not appear to induce ROS signalling pathway-related genes and ROS-scavenging genes. By contrast, a considerable number of transcripts were shown to increase or decrease in *var2* white sectors. It is particularly interesting that one-quarter of the increased genes correlated with response to stresses, especially to oxidative stress. Among the up-regulated genes, particular attention was devoted to Cu/Zn superoxide dismutase (SOD), which catalyses the oxidation of superoxide radicals ($\text{O}_{2}^{-}$) into hydrogen peroxide (H~2~O~2~) in chloroplasts ([@bib7]). In *var2*, the Cu/Zn SOD levels do not coincide with intra-chloroplastic ROS, but are instead increased in a white sector-specific manner. These results imply that variegated sectors might be maintained positively through the expression of specific genes related to oxidative stress.

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

Wild-type *Arabidopsis thaliana* Columbia (Col) ecotype and the *var2-1* (*var2*) mutant were used as previously described ([@bib41]) and grown in MS medium supplemented with Gamborg\'s vitamins (Sigma--Aldrich Corporation). Four-week-old *Arabidopsis* plants grown in standard MS medium were used for all experiments unless otherwise noted. The MS medium supplemented with 1.5% (w/v) sucrose and 0.7% (w/v) agar is hereafter designated as standard MS medium. Plants were maintained under a 12 h light (70 μmol m^−2^ s^−1^)/12 h dark cycle at 22 °C. For making a copper sufficient condition, 5 μM CuSO~4~ was added to standard MS medium.

Microarray experiment
---------------------

A microarray experiment was performed using a custom service offered by Hokkaido System Science Co. Ltd. (Sapporo, Japan). Total RNA from three biological replicates of each sample was extracted. Then cDNA was synthesized from RNA samples; the cRNA was subsequently labelled with Cyanin3 using the Quick Amp Labelling Kit (Agilent Technologies Inc.). The cRNA target solution was prepared after labelled cRNA was purified using RNeasy mini spin columns (Qiagen Inc.). The cRNA target solution was then applied to the microarray (*Arabidopsis* Oligo DNA microarray ver. 4.0; Agilent Technologies Inc.) and hybridization was performed. After washing and air-drying of the microarray, the slide was scanned at a resolution of 5 μm using a microarray scanner (Agilent Technologies Inc.). Digitalized data of the scanning were imported into software (GeneSpring GX 10; Agilent Technologies Inc.) and normalized to shift to the 75 percentile. The following flagged features were cut off: features that were not positive and significant, and features that were not above background levels. After filtering for flags, 32 348 probes remained. On the microarray, some genes are represented as several oligonucleotides that have distinct 60-mer sequences from different regions within the same genes. For metabolic pathway analysis, the normalized signal values (per chip: normalized to the 75th percentile) were transformed to log~10~ values. Values averaged from three biological replicates were presented on the pathway maps through KaPPA-View ([@bib42]) according to the manual provided on the web site (<http://kpv.kazusa.or.jp/kappa-view/>). The microarray data were deposited to GEO (Accession no. GSE18646).

RNA extraction, RT-PCR and real-time RT-PCR analysis
----------------------------------------------------

Total RNAs were extracted from leaves (RNeasy Plant Mini Kit; Qiagen Inc.). Then RT-PCR was performed (Qiagen One Step RT-PCR Kit; Qiagen Inc.). Quantitative RT-PCR was conducted (LightCycler; Roche Diagnostics Corp.) according to the manufacturer\'s recommendations. For real-time RT-PCR analysis, a kit (TaKaRa One Step SYBR PrimeScript RT-PCR Kit; Takara) was used. Briefly, 2 ng of total RNA was used as template; then RT-PCR was run using the following conditions: 1 cycle of 30 min at 50 °C, 10 s at 95 °C, and 50 cycles of 5 s at 95 °C, 10 s at 57 °C, and 10 s at 72 °C. Then *ACTIN* was used as an internal control. Software (LightCycler Software Version 4.0; Roche Diagnostics Corp.) was used to quantify each transcript level. Real-time RT-PCR reactions were performed as three technical and three biological replicates. Primers used for RT-PCR and real-time RT-PCR are listed in [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at JXB online.

Immunoblot analysis
-------------------

Leaves from Col and *var2* were homogenized in extraction buffer (50 mM HEPES, 5 mM EDTA, and 10 mM β-mercaptoethanol). Samples for SDS-PAGE were diluted with an equal volume of 2× sample buffer \[125 mM TRIS (pH 6.8), 10% (w/v) sucrose, 4% (w/v) SDS, 10% (v/v) β-mercaptoethanol, and 0.004% (w/v) bromophenol blue\]. Samples were normalized to fresh weight, separated on 12% SDS polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Atto Corp.) by electroblotting. Blocking, incubation with antibodies, and detection were performed using a Western blot detection system (ECL Plus advance; GE Healthcare). Then CSD1 was detected using the CSD2 antibody as a result of its ability to cross-react with the CSD1 protein ([@bib2]).

SOD activity
------------

Total SOD activity was assayed for its ability to inhibit the photochemical reduction of NBT. Leaves (30 mg) were homogenized in extraction buffer \[50 mM HEPES-KOH (pH 7.2), 5 mM EDTA, 20% (v/v) glycerol and 0.05% (w/v) bromophenol blue\]. Cooled samples were separated in 15% native PAGE gels in the absence of SDS at 4 °C. After electrophoresis, the gel was incubated with 1 mg ml^−1^ NBT (Sigma-Aldrich Corp.) for 30 min in the dark. The gel was subsequently transferred to a solution \[0.1 M potassium phosphate buffer (pH 7.0), 0.028 mM riboflavin, and 28 mM TEMED\] and incubated for 20 min in the dark. After incubation, the gel was exposed under light conditions until bands were apparent.

Northern blot analysis
----------------------

Total RNA (20 μg) suspended in H~2~O was mixed with an equal volume of 2× formamide loading buffer \[16% (v/v) formaldehyde, 50% (v/v) deionized formamide, 20% (v/v) glycerol, and 0.05% (w/v) bromophenol blue\] and heated at 95 °C for 5 min. After loading the RNA samples on a 15% 6 M urea polyacrylamide gel using 0.5×TBE buffer \[89 mM TRIS base, 89 mM boric acid, 1 mM EDTA (pH 7.0)\] as running buffer, the gel was stained with ethidium bromide (EtBr) for 5 min. The gel was then rinsed to remove excess EtBr and transferred to a Hybond-N^+^ nylon membrane (GE Healthcare) by capillary transfer with 20× SSC buffer. The blotted membrane was rinsed with 20× SSC buffer and UV-crosslinked for 2 min. The membrane was subsequently soaked in FPH solution \[0.5 M sodium phosphate (pH 7.2), 7% (w/v) SDS, 1 mM EDTA (pH 7.0)\] in a hybridization bag and incubated at 40 °C for 30 min. During pre-hybridization, oligonucleotides complementary to *miR398 b & c* and *small nuclear RNA U6* (*U6 snRNA*) were end-labelled with \[γ-^32^P\]ATP using T4 polynucleotide kinase (Takara Bio Inc.). For this study, DNA oligonucleotide probes specific for *miR398 b & c* (5′-CAGGGGTGACCTGAGAACACA-3′) and *U6 snRNA* (5′-TCATCCTTGCGCAGGGGCCA-3′) were used. After removing unincorporated radionucleotide with Microspin G-25 columns (GE Healthcare), labelled probes were added to the FPH solution and hybridized at 40 °C for 2 h. After hybridization, the membrane was washed twice for 10 min in 2× SSC+0.1% SDS and once for 20 min in 0.2× SSC+0.1% SDS. The membrane was covered in plastic wrap and placed on an imaging plate (Fuji Photo Film Co. Ltd.) for 5 d. Radiolabels were detected with a BAS 1000 image analyser (Fuji Photo Film Co. Ltd.).

Results
=======

Microarray and scatter plot analysis
------------------------------------

To monitor transcriptional profiles in variegated leaves, DNA microarray analysis was conducted. Total RNA was extracted from micro-dissected green and white sectors from 4-week-old true leaves grown in standard MS medium under normal light intensity (70 μmol m^−2^ s^−1^). Total RNA was also extracted from Col wild-type leaves and all reverse-transcribed RNAs were hybridized to the Agilent *Arabidopsis* ver. 4 DNA chip (*n*=3). ROS accumulation was monitored histochemically in our leaf materials for RNA extraction as reported previously and it was confirmed that *var2* green sectors significantly accumulate ROS ([Fig. 1](#fig1){ref-type="fig"}). The microarray contained a total of 43 663 oligonucleotide probes representing approximately 28 169 unique genes. All probes (43 663) on the array were filtered based on their flag values (see Materials and methods). A one-way ANOVA statistical test was performed using the Benjamini and Hochberg false discovery rate (BH-FDR) multiple testing correction (corrected *P* value \<0.05) using software (GeneSpring GX 10; Agilent Technologies Inc.). Using this method, 9249 probes were chosen for further analyses described below.

![ROS accumulation in *var2* green sectors. *In situ* detection of $\text{O}_{2}^{-}$ by staining with NBT (blue, bottom panels) in 4-week-old wild-type Col and *var2* leaves. Bars=1 mm.](jexboterq075f01_3c){#fig1}

A scatter plot analysis was performed first. Accumulation of transcripts corresponding to each gene, represented as a normalized signal value (Log~2~), was shown between two of the three RNA samples. Comparison between Col and *var2* green sectors showed that most genes fit within a 2-fold difference ([Fig. 2](#fig2){ref-type="fig"}), indicating that the transcriptional profile is similar between *var2* green sectors and Col. In stark contrast, a comparison between Col and *var2* white sectors showed that numerous genes were beyond the 2-fold difference and showed either an increase or a decrease in the white sectors ([Fig. 2](#fig2){ref-type="fig"}; see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at *JXB* online). The same trend was also true between *var2* green and white sectors because Col and *var2* green sectors showed a similar expression profile. These results demonstrated that many genes are responsive to the formation of white sectors at the transcription level.

![Scatter plot analysis. Normalized signal values (Log~2~) were normalized from Columbia, *var2* green sectors (*var2* G) and *var2* white sectors (*var2* W). Each gene is represented as one dot. Green lines represent the 2-fold change cutoff.](jexboterq075f02_3c){#fig2}

Categories of up- and down-regulated genes as revealed by gene ontology analysis
--------------------------------------------------------------------------------

To compare differential transcriptomes in detail in variegated tissues, genes were characterized for which transcripts accumulated differentially between the green and white sectors in *var2*. When a cutoff was made by a 2-fold change, 1304 probes were selected as up-regulated and 3194 probes as down-regulated (see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at *JXB* online). To classify these genes based on function, a subsequent gene ontology (GO) analysis was performed according to the method described by [@bib8]. In this method, genes were initially categorized into three primary ontologies (molecular function, biological process, and cellular component), based on 'GO terms' assigned to each gene. The selected genes were further categorized by hierarchic functional categories and GO categories containing up- or down-regulated genes at the significant level (hypergeometric test, Benjamini--Yekutieli (BY)-corrected *P*-value \<0.1) were selected. 80 down- and 27 up-regulated GO categories were detected; they are listed, respectively, in [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}.

###### 

Significantly enriched gene ontologies among down-regulated genes in *var2* white sectors compared to *var2* green sectors

  Gene ontology (description and term)[a](#tblfn1){ref-type="table-fn"}           Raw *P*     BY-corrected *P*   Number[b](#tblfn2){ref-type="table-fn"}
  ------------------------------------------------------------------------------- ----------- ------------------ -----------------------------------------
  *Cellular component*                                                                                           
  Anchored to membrane; GO:0031225                                                0.000       0.018              44/235
  Cell surface; GO:0009986\|GO:0009928\|GO:0009929                                0.000       0.018              7/13
  **Chloroplast part; GO:0044434**                                                **0.000**   **0.041**          **54/443**
  **Chloroplast thylakoid membrane; GO:0009535**                                  **0.000**   **0.000**          **53/250**
  **Chloroplast thylakoid; GO:0009534**                                           **0.000**   **0.000**          **53/295**
  Extracellular region; GO:0005576                                                0.000       0.023              21/245
  **Light-harvesting complex; GO:0030076**                                        **0.000**   **0.000**          **16/25**
  Microtubule associated complex; GO:0005875                                      0.000       0.001              20/64
  Microtubule cytoskeleton; GO:0015630                                            0.000       0.030              20/132
  Organelle subcompartment; GO:0031984                                            0.000       0.000              53/300
  **Photosynthetic membrane; GO:0034357**                                         **0.000**   **0.000**          **55/319**
  **Photosystem I reaction center; GO:0009538**                                   **0.000**   **0.002**          **7/8**
  **Photosystem I; GO:0009522**                                                   **0.000**   **0.000**          **9/15**
  **Photosystem; GO:0009521\|GO:0030090**                                         **0.000**   **0.000**          **9/42**
  **Plastid thylakoid membrane; GO:0055035**                                      **0.000**   **0.000**          **53/250**
  **Plastid thylakoid; GO:0031976**                                               **0.000**   **0.000**          **53/298**
  **Plastoglobule; GO:0010287**                                                   **0.000**   **0.003**          **19/58**
  **Thylakoid membrane; GO:0042651**                                              **0.000**   **0.000**          **54/258**
  **Thylakoid part; GO:0044436**                                                  **0.000**   **0.000**          **54/301**
  **Thylakoid; GO:0009579**                                                       **0.000**   **0.000**          **55/315**
  *Biological process*                                                                                           
  Biological regulation; GO:0065007                                               0.000       0.000              98/3188
  Carbohydrate biosynthetic process;                                                                             
  GO:0016051\|GO:0006093                                                          0.000       0.000              17/244
  Carbohydrate metabolic process; GO:0005975                                      0.000       0.001              63/743
  Carboxylic acid biosynthetic process; GO:0046394                                0.000       0.001              20/148
  Cell communication; GO:0007154                                                  0.000       0.001              76/989
  Cell surface receptor linked signal transduction;                                                              
  GO:0007166                                                                      0.000       0.002              35/154
  Cell wall organization and biogenesis; GO:0007047                               0.000       0.014              18/232
  Cellular carbohydrate biosynthetic process; GO:0034637                          0.000       0.000              10/167
  Cellular carbohydrate metabolic process; GO:0044262\|GO:0006092                 0.000       0.000              11/363
  Cytoskeleton-dependent intracellular transport; GO:0030705                      0.000       0.014              18/70
  DNA replication initiation; GO:0006270                                          0.000       0.046              7/11
  DNA replication; GO:0006260                                                     0.000       0.013              18/106
  Enzyme linked receptor protein signalling pathway; GO:0007167                   0.000       0.000              35/130
  External encapsulating structure organization and biogenesis; GO:0045229        0.000       0.020              18/236
  Fatty acid biosynthetic process; GO:0006633\|GO:0000037                         0.000       0.013              20/106
  Glucosinolate biosynthetic process; GO:0019761                                  0.000       0.000              10/20
  Glucosinolate metabolic process; GO:0019760                                     0.000       0.000              10/25
  Glycoside biosynthetic process; GO:0016138                                      0.000       0.000              10/20
  Glycoside metabolic process; GO:0016137                                         0.000       0.000              10/25
  Glycosinolate biosynthetic process; GO:0019758                                  0.000       0.000              10/20
  Glycosinolate metabolic process; GO:0019757                                     0.000       0.000              10/25
  Jasmonic acid and ethylene-dependent systemic resistance; GO:0009861            0.000       0.096              11/34
  Jasmonic acid biosynthetic process; GO:0009695                                  0.000       0.009              11/23
  Jasmonic acid metabolic process; GO:0009694                                     0.000       0.009              11/23
  Lipid metabolic process; GO:0006629                                             0.000       0.054              48/634
  Microtubule-based movement; GO:0007018                                          0.000       0.002              18/52
  Organic acid biosynthetic process; GO:0016053                                   0.000       0.001              20/148
  Oxylipin biosynthetic process; GO:0031408                                       0.000       0.014              11/24
  Oxylipin metabolic process; GO:0031407                                          0.000       0.014              11/24
  **Photosynthesis; GO:0015979**                                                  **0.000**   **0.000**          **25/102**
  Plant-type cell wall loosening; GO:0009828                                      0.000       0.096              12/34
  Plant-type cell wall modification; GO:0009827                                   0.000       0.069              13/38
  Plant-type cell wall organization and biogenesis; GO:0009664                    0.000       0.014              15/107
  Regulation of biological process; GO:0050789\|GO:0050791                        0.000       0.000              98/2947
  Regulation of cell cycle; GO:0051726\|GO:0000074                                0.000       0.000              23/93
  Regulation of cellular process; GO:0050794\|GO:0051244                          0.000       0.000              98/2814
  Response to biotic stimulus; GO:0009607                                         0.000       0.037              27/425
  Response to chemical stimulus; GO:0042221                                       0.000       0.000              3/1206
  Response to endogenous stimulus; GO:0009719                                     0.000       0.000              2/706
  Response to external stimulus; GO:0009605                                       0.000       0.000              27/250
  Response to hormone stimulus; GO:0009725                                        0.000       0.003              2/645
  Response to stimulus; GO:0050896\|GO:0051869                                    0.000       0.000              63/2645
  Response to wounding; GO:0009611\|GO:0002245                                    0.000       0.002              27/114
  Secondary metabolic process; GO:0019748                                         0.000       0.000              11/352
  Signal transduction; GO:0007165                                                 0.000       0.017              75/865
  Transmembrane receptor protein tyrosine kinase signalling pathway; GO:0007169   0.000       0.000              35/130
  *Molecular function*                                                                                           
  Catalytic activity; GO:0003824                                                  0.000       0.000              121/7257
  **Chlorophyll binding; GO:0016168**                                             **0.000**   **0.000**          **19/27**
  Copper ion binding; GO:0005507                                                  0.000       0.006              27/121
  Cyclin-dependent protein kinase regulator activity;                                                            
  GO:0016538\|GO:0003751\|GO:0003752\|GO:0003753                                  0.000       0.000              17/32
  Enzyme regulator activity; GO:0030234                                           0.000       0.084              18/282
  Hydrolase activity, acting on glycosyl bonds; GO:0016798                        0.000       0.025              5/428
  Kinase regulator activity; GO:0019207                                           0.000       0.000              17/40
  Lyase activity; GO:0016829                                                      0.000       0.014              10/324
  Microtubule motor activity; GO:0003777                                          0.000       0.000              23/69
  Molecular_function; GO:0003674\|GO:0005554                                      0.000       0.097              866/23215
  Motor activity; GO:0003774                                                      0.000       0.002              25/90
  Protein kinase regulator activity; GO:0019887                                   0.000       0.000              17/38
  Protein serine/threonine kinase activity; GO:0004674                            0.000       0.020              41/297
  **Tetrapyrrole binding; GO:0046906**                                            **0.000**   **0.000**          **19/52**

GO analysis was performed using a hypergeometric test with GeneSpring GX 10 software. Gene ontology categories are shown with significant Benjamini--Yekutieli FDR (BY--FDR)-corrected *P*-values \<0.1. Gene categories related to photosynthesis and chloroplasts are shown as bold.

Number indicates the number of genes selected as down-regulated over the number of total genes included in the GO term.

###### 

Significantly enriched gene ontologies among up-regulated genes in *var2* white sectors compared to *var2* green sectors

  Gene ontology (description and term)[a](#tblfn3){ref-type="table-fn"}      Raw *P*     BY-corrected *P*   Number[b](#tblfn4){ref-type="table-fn"}
  -------------------------------------------------------------------------- ----------- ------------------ -----------------------------------------
  *Cellular component*                                                                                      
  Cytoplasm; GO:0005737                                                      0.000       0.012              112/4926
  Cytoplasmic part; GO:0044444                                               0.000       0.012              91/4518
  Intracellular non-membrane-bounded organelle; GO:0043232                   0.000       0.080              23/784
  Mitochondrion; GO:0005739                                                  0.000       0.000              70/991
  Non-membrane-bounded organelle; GO:0043228                                 0.000       0.080              23/784
  Ribonucleoprotein complex; GO:0030529                                      0.000       0.011              24/469
  Ribosome; GO:0005840                                                       0.000       0.005              23/370
  *Biological process*                                                                                      
  Biopolymer biosynthetic process; GO:0043284                                0.000       0.042              37/860
  Gene expression; GO:0010467                                                0.000       0.000              47/897
  ncRNA metabolic process; GO:0034660                                        0.000       0.002              9/128
  ncRNA processing; GO:0034470                                               0.000       0.002              9/63
  Response to chemical stimulus; GO:0042221                                  0.000       0.030              25/1206
  **Response to heat; GO:0009408\|GO:0006951**                               **0.000**   **0.002**          **18/114**
  **Response to hydrogen peroxide; GO:0042542**                              **0.000**   **0.080**          **9/37**
  Response to iron ion; GO:0010039                                           0.000       0.081              5/9
  **Response to oxidative stress; GO:0006979**                               **0.000**   **0.041**          **23/205**
  **Response to reactive oxygen species; GO:0000302**                        **0.000**   **0.090**          **10/48**
  Response to stimulus; GO:0050896\|GO:0051869                               0.000       0.001              41/2645
  **Response to stress; GO:0006950**                                         **0.000**   **0.011**          **39/1558**
  Ribosome biogenesis; GO:0042254\|GO:0007046                                0.000       0.003              17/133
  rRNA metabolic process; GO:0016072                                         0.000       0.001              9/31
  rRNA processing; GO:0006364\|GO:0006365                                    0.000       0.001              9/31
  Translation; GO:0006412\|GO:0006416\|GO:0006453\|GO:0043037                0.000       0.001              37/545
  *Molecular function*                                                                                      
  Oxidoreductase activity, acting on superoxide radicals                                                    
  as acceptor; GO:0016721                                                    0.000       0.081              5/9
  Structural constituent of ribosome; GO:0003735\|GO:0003736\|GO:0003737\|                                  
  GO:0003738\|GO:0003739\|GO:0003740\|GO:0003741\|GO:0003742                 0.000       0.007              35/361
  Structural molecule activity; GO:0005198                                   0.000       0.015              37/498
  **Superoxide dismutase activity; GO:0004784\|GO:0004785\|**                                               
  **GO:0008382\|GO:0008383\|GO:0016954**                                     **0.000**   **0.081**          **5/9**

GO analysis was performed using a hypergeometric test with GeneSpring GX 10 software. Gene ontology categories are shown with significant Benjamini--Yekutieli FDR (BY--FDR)-corrected *P*-values \< 0.1. Gene categories related to stress are shown as bold.

Number indicates the number of genes selected as up-regulated over the number of total genes included in the GO term.

Among the down-regulated categories, 17 GO categories (21.25%) were identified that were related to either chloroplasts or photosynthesis ([Fig. 3A](#fig3){ref-type="fig"}). Three representative categories (Photosynthesis, Light-harvesting complex, and Tetrapyrrole binding) are presented as heat maps in [Fig. 3B--D](#fig3){ref-type="fig"}. The white sectors appeared to lack gene products from these three categories because plastids in the white sectors are devoid of thylakoid membranes. A loss of light-harvesting complex II (LHCII) in the white sectors was consistent with our previous result ([@bib20]). Other down-regulated GO categories related to chloroplast biogenesis included Thylakoid, Thylakoid membranes, Plastoglobule, Photosystem, Photosystem I, and Chlorophyll binding ([Table 1](#tbl1){ref-type="table"}). These data suggest that the arrest of differentiation from proplastids into chloroplasts partially results from an irreversible repression of these photosynthetic genes.

![Microarray expression profile in Columbia and *var2* white/green sectors. (A) A pie graph representation of the rate of up- or down-regulated probes in *var2* white sectors (*var2* W) compared to *var2* green sectors (*var2* G). The rates of each category (RNA metabolism, Stress response and Photosynthesis and chloroplasts) are shown in the bar graph to the right. (B--I) Gene ontology (GO) analysis. Representative categories among down-regulated (B--D) or up-regulated (E--I) genes in *var2* white sectors compared to *var2* green sectors are shown (see [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Gene expression profiles according to averaged normalized signal values (see colour scale) in Columbia (WT, left), *var2* green sectors (green, middle), and *var2* white sectors (white, right) are shown as a heat map. Each horizontal bar represents a single gene. (B) Photosynthesis. (C) Light-harvesting complex. (D) Tetrapyrrole binding. (E) Response to oxidative stress. (F) Response to heat. (G) Response to hydrogen peroxide. (H) Superoxide dismutase activity. (I) Response to stress.](jexboterq075f03_3c){#fig3}

Regarding up-regulated categories, all GO categories were principally unrelated to photosynthesis and appeared to converge to two major classes ([Table 2](#tbl2){ref-type="table"}). One category was related to RNA metabolism (9 GO categories: 30%). The other was related to several stresses (7 GO categories: 25.92%) ([Fig. 3A](#fig3){ref-type="fig"}). Examples of the stress-related GO categories are shown as heat maps in [Fig. 3E--I](#fig3){ref-type="fig"}. It is notable that many of these stresses are related to oxidative stress and ROS ([Table 2](#tbl2){ref-type="table"}). Therefore, it is considered that the white sectors are highly susceptible to oxidative damage because of impaired plastid development.

Metabolic pathway analysis between Col and *var2* green sector
--------------------------------------------------------------

As implied in our scatter plot analysis, transcriptional profiles between Col and *var2* green sectors are similar. Indeed, no GO category was detected that was significantly different between these two samples. It is therefore suggested that *var2* green sectors do not respond strongly to photo-oxidative stress and ROS. To investigate further whether any cellular function exists that is not detected by our GO analysis, but which is affected in *var2* green sectors, a metabolic pathway analysis was performed in which quantitative changes in individual transcripts were compared using software (KaPPA-View 2; <http://kpv.kazusa.or.jp/kappa-view/>). Comparison of 166 pathways between Col and *var2* green sectors showed differences in only one pathway: 'starch biosynthesis' (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) available at *JXB* online). Altered starch metabolism was also reported using a similar pathway analysis in the green sector of another variegated mutant *immutans* (*im*) ([@bib4], [@bib5]). It is possible that green sectors act partly as a source tissue and that they need to transport more sugar into white sectors than normal green leaves.

Elevated expression of ROS scavenging enzymes in white sectors
--------------------------------------------------------------

It was initially assumed that genes corresponding to ROS scavenging enzymes such as SOD and ascorbate peroxidase (APX) are up-regulated in *var2* because of the impaired PSII repair and photo-oxidative damage. Our results showed that although up-regulation occurred in some of the genes, it was contrary to our assumption: white sectors but not green sectors seem to have increased levels of ROS scavenging enzymes. To investigate such differential expression in this study, expression of SOD and APX, particularly of the plastid localized SOD and APX isoforms was examined further. In *Arabidopsis*, seven SODs had been identified at the time this investigation was initiated: chloroplastic Fe SOD (FSD) 1, FSD2, FSD3, chloroplastic Cu/Zn SOD (CSD) 2, cytoplasmic CSD1, peroxisomal CSD3, and mitochondrial Mn SOD (MSD) ([@bib24]). As a scavenging enzyme, APX reduces H~2~O~2~ to H~2~O and O~2~ via a series of reactions with ascorbic acid. Two isomers, thylakoid-bound APX (tAPX) and stromal APX (sAPX), are known to exist in chloroplasts. Other isomers (APX1--6) are predicted to reside in the cytoplasm or peroxisomes ([@bib38]; [@bib18]). Our microarray did indeed indicate that several *SOD* and *APX* genes were up-regulated in *var2* white sectors (see [Supplementary Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at *JXB* online).

To verify our results from microarray analyses, semi-quantitative RT-PCR was performed first ([Fig. 4A](#fig4){ref-type="fig"}). Results showed elevated expression of plastid-localized enzymes, *CSD2* and *sAPX*, although *FSD1* levels appeared to remain unchanged. In addition, the results show that *CCS* (encoding a copper delivery chaperone specific for CSD1 and CSD2) and *CSD1* were up-regulated, suggesting that elevated expression is not limited to chloroplast isoforms. Real-time RT-PCR analysis was performed to quantify the expression levels of *CSD2*, *sAPX*, and *tAPX* ([Fig. 4B](#fig4){ref-type="fig"}). Expression levels of *CSD2* and *sAPX* mRNAs were 20.2-fold and 2.8-fold higher in white sectors than in Col, although no significant difference was detectable in *tAPX* expression. None of these genes showed differential expression between Col and *var2* green sectors.

![mRNA and protein levels of ROS scavenging enzymes and SOD activity. (A) Transcript levels in Columbia and *var2* white/green sectors. Semi-quantitative RT-PCR analyses were performed using total RNA from 40-d-old leaves from Columbia, *var2* white (*var2* W) and green (*var2* G) sectors. Expression levels of *CCS*, *CSD1*, *CSD2*, *FSD1*, *tAPX*, and *sAPX* are shown. *EF-1α* was used as an internal control. (B) Quantitative RT-PCR in Columbia and *var2*. Transcript levels of *CSD2*, *sAPX*, and *tAPX* genes from Columbia and *var2* were measured using real-time RT-PCR analysis. *ACTIN* was used as an internal control. Relative ratios of transcript levels compared to Columbia are shown (mean ±SD, *n*=3). Asterisks denote significant differences from Columbia using Student\'s *t* test (\*\* *P* \<0.01). (C) Immunoblot analysis of Columbia and *var2* white (*var2* W) and green (*var2* G) proteins. Immunoblots were normalized based on total fresh weight and were probed with antibodies against CSD2, FSD1, sAPX, tAPX, and plastocyanin (PC). CBB-stained protein bands corresponding to light-harvesting complex II (LHCII) are also shown at the bottom. Because of its ability to cross-react, CSD1 protein levels were detected using the CSD2 antibody. (D) SOD activities. A native gel stained with NBT. SOD activities were measured based on the ability of SOD to inhibit the reduction of NBT by superoxide. Corresponding bands for MSD, FSD, and CSD are shown.](jexboterq075f04_ht){#fig4}

Immunoblot analysis was performed to examine the increased levels of SOD and APX in *var2* white sectors ([Fig. 4C](#fig4){ref-type="fig"}). Consistent with mRNA levels, fresh weight-normalized immunoblot analyses indicated that CSD1, CSD2, and sAPX are expressed predominantly in white sectors ([Fig. 4C](#fig4){ref-type="fig"}). No detectable level of tAPX, plastocyanin, or LHCII was observed ([Fig. 4C](#fig4){ref-type="fig"}), probably because of a lack of thylakoid membranes. Taken together, these results from RT-PCR and immunoblot analyses were consistent with our initial microarray analysis. Therefore, it is concluded that plastidic ROS scavenging enzymes, if not all isoforms, are up-regulated in *var2* white sectors.

Elevated CSD2 expression reflects its enzymatic activity
--------------------------------------------------------

High levels of SODs in the white sectors, particularly CSD2, prompted us to conduct several additional experiments. In our first experiment, SOD activity was examined specifically. The CSD and FSD, respectively, require copper/zinc and iron cofactors. Leaf extracts from Col, *var2* green, and *var2* white sectors were subjected to native-PAGE and SOD activities were detected ([Fig. 4D](#fig4){ref-type="fig"}). The bands corresponding to CSD, FSD, and MSD were similar to those described in previous reports ([@bib10]; [@bib24]). Although this experiment did not distinguish CSD activities from each isomer, it was evident that *var2* white sectors only had significantly high levels of CSD activities (2.1-fold compared to Col). Collectively, these results strongly suggest that cofactors are sufficiently provided in *var2* white sectors and that elevated CSD2 expression reflects its enzymatic activity.

Up-regulation of CSD2 in white sectors is unaffected by cofactor
----------------------------------------------------------------

In our next line of investigation, it was examined whether CSD2 expression is affected by cofactors. Although our findings in *var2* are consistent with the fact that *CSD2* is among the genes induced by oxidative stress, *CSD2* expression is known to be controlled strictly by copper availability ([@bib40]; [@bib44], [@bib45]). Under normal growth conditions, copper is limiting (0.1 μM copper in standard MS medium) ([@bib39]; [@bib1]), and FSD1 is expressed predominantly in chloroplasts and CSD2 is repressed. However, under copper-sufficient conditions (5 μM copper), CSD2 expression is enhanced and FSD1 is repressed ([@bib44]). Therefore, there was interest in characterizing the activity and accumulation of plastidic SODs under different copper conditions ([Fig. 5A](#fig5){ref-type="fig"}, B). The CSD2 overexpression lines (*CSD2ox*) were examined simultaneously to locate the activity corresponding to CSD2 ([Fig. 5B](#fig5){ref-type="fig"}).

![Effect of copper on CSD accumulation and *miR398* in *var2*. (A) Immunoblot analysis. Proteins from Columbia, white sectors of *var2* (*var2* W), and *var2 fug1* with (+) or without (--) 5 μM CuSO~4~ were probed with CSD2 and FSD1 antibodies. (B) SOD activities under different copper concentrations. Columbia, *var2*, and *CSD2ox* were subjected to SOD activities with (+) or without (--) 5 μM CuSO~4~. A native gel is shown as stained with NBT. The SOD activities were measured based on the ability of SOD to inhibit the reduction of NBT by superoxide. Corresponding bands for MSD, FSD, and CSD are shown. (C) RNA blot analysis. Twenty μg of total RNAs from 3-week-old Columbia and *var2* with (+) or without (--) 5 μM CuSO~4~ were hybridized with probes specific for *miR398 b & c*. *U6 small nuclear RNA* (*U6 snRNA*) was used as a control. Data shown here are representative results from three biological replicates.](jexboterq075f05_ht){#fig5}

Our results show that even under copper-deficient conditions, white sectors exhibited CSD activity as high as that of *CSD2ox*. Immunoblot analysis showed that although Col and *var2* green sectors responded to copper as reported previously ([@bib44]), white sectors did not; the steady-state level of CSD2 remained ([Fig. 5A](#fig5){ref-type="fig"}). By contrast, the levels of accumulation of FSD1 were comparable among Col, *var2* green, and *var2* white sectors ([Fig. 4A](#fig4){ref-type="fig"}, C, A), although activity of FSD in *var2* white sectors was lower than Col and *var2* green sectors ([Figs 4D](#fig4){ref-type="fig"}, [5B](#fig5){ref-type="fig"}). Up-regulation of CSD2 appeared to be specific to white sectors but not to the *var2* mutation *per se* because a non-variegated suppressor line *var2 fug1* ([@bib29]) showed canonical copper regulation ([Fig. 5A](#fig5){ref-type="fig"}).

Up-regulation of CSD2 in white sectors is associated with *miR398*
------------------------------------------------------------------

It was recently demonstrated that the antagonistic expression of FSD and CSD, which is controlled by copper availability as mentioned earlier, is governed by a microRNA (*miR398*). In fact, *miR398* has been characterized as a key regulatory factor in copper homeostasis ([@bib44], [@bib45]; [@bib15]) and its target genes include *CSD1*, *CSD2*, and mitochondrial *COX5b-1* (cytochrome *c* oxidase) ([@bib44]). Therefore RNA blot analysis was performed to examine *miR398* levels ([Fig. 5C](#fig5){ref-type="fig"}). Total RNAs prepared from Col, *var2* green and white sectors were hybridized with a probe specific to *miR398b* and *miR398c*. The result confirmed that white sectors did not accumulate any detectable level of *miR398*, irrespective of the copper concentration. Our data therefore demonstrated that *var2* white sectors exhibit up-regulation of plastidic SOD, and that this up-regulation partly results from impaired expression of *miR398*. Differential expression of ROS scavenging enzymes between *var2* green and white sectors therefore appears to result not from photo-oxidative stress but rather from other physiological responses.

Discussion
==========

ROS in *var2* green sectors and transcriptome
---------------------------------------------

In this study, it was examined if significant levels of ROS in *var2* green sectors, suffered from photo-oxidative stress, result in up-regulation of ROS signalling and/or scavenging. In plants, the main cellular compartments for ROS production are chloroplasts (plastids), mitochondria, and peroxisomes ([@bib28]; [@bib6]; [@bib16]). Each compartment has its own scavenging enzymes to detoxify excess ROS, which otherwise oxidize and damage proteins, lipids, and nucleic acids. Such damage might ultimately affect plant growth adversely. On the other hand, ROS at non-lethal levels act as a signalling molecule and influence many stress responses such as high light, salinity, high or low temperature, and heavy metals ([@bib28]; [@bib6]; [@bib16]). The involvement of chloroplastic ROS as a signalling molecule was previously implicated ([@bib19]). In fact, ROS scavenging enzymes are induced to decrease toxic ROS generated mainly in chloroplasts and mitochondria during abiotic stresses ([@bib6]). At the time of biotic stress, ROS scavenging systems are rather suppressed and ROS are enhanced by enzymatic activity of plasma-membrane-bound NADPH oxidases to induce the onset of programmed cell death, including the expression of defence-related genes ([@bib6]). In contrast to these observations, however, our scatter plot, GO, and metabolic pathway analyses revealed none of these responses in *var2* green sectors. It is hypothesized that ROS in *var2* is not at a sufficiently high level to activate the signalling pathway and/or ROS in chloroplasts do not directly affect the ROS signalling pathway. Alternatively, ROS signalling might be inhibited specifically by a FtsH defect in the *var2* green sectors.

Down-regulation of photosynthetic genes in white sectors
--------------------------------------------------------

A main objective of this study was to elucidate the overall transcriptional profile in the *Arabidopsis* variegated mutant *var2*. Comparative microarray analyses from dissected green and white leaf sectors identified numerous activated or repressed genes. [@bib5] recently reported a similar result from a comparative analysis of variegated sectors from the *im* mutant. In both *im* and *var2* mutants, the genes for the light reactions of photosynthesis, including Photosystems, Light harvesting complex, and Tetrapyrrole biosynthesis, were repressed strongly in the white sectors ([@bib5]). These results accord well with the fact that cells in the white sectors of these variegated mutants are devoid of thylakoid membranes. Consequently, it is likely that the irreversible repression of the photosynthetic genes described above forms white sectors, irrespective of the type of original mutation. Different mutations responsible for variegation contribute to the pattern of leaf variegation: variegations in *im, var2*, and *chloroplast mutator* are mutually indistinguishable ([@bib34]).

Up-regulation of oxidative and other stress-related genes in white sectors
--------------------------------------------------------------------------

A considerable number of genes (14%) exhibited more than a 2-fold transcript increase in white sectors ([Fig. 3A](#fig3){ref-type="fig"}). The GO analysis revealed two classes of GO categories that are remarkably activated in *var2* white sectors. One category is RNA metabolism, including Ribosomes, Ribonucleoprotein complexes, ncRNA metabolic processing, and rRNA metabolic processing ([Table 1](#tbl1){ref-type="table"}). The *Arabidopsis* microarray (ver. 4; Agilent Technologies Inc.) that was used for this study also contained chloroplast genes. It is particularly interesting that transcripts for numerous ribosomal genes in chloroplasts (e.g. *RPL20*, *RPS15*) increased in *var2* white sectors (data not shown). The precise reason for this up-regulation is currently unclear.

Activation for the other GO category, which contained stress-related genes, is also noteworthy. For example, numerous heat-shock proteins such as HSP70 were highly up-regulated in white sectors ([Fig. 3I](#fig3){ref-type="fig"}; see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) available at *JXB* online). The HSPs not only aid in the protection of proteins from heat and other stresses, they also play a pivotal role in protein folding along with enhanced protein synthesis ([@bib50]). Specific heat shock factors such as *HsfA2* that are up-regulated in white sectors ([Fig. 3I](#fig3){ref-type="fig"}; see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at *JXB* online), function as molecular sensors that sense ROS directly and regulate stress responses ([@bib14]; [@bib27]). Furthermore, glutathione peroxidases (GPX) are key enzymes of the antioxidant networks in both plants and animals. Two glutathione peroxidases (*ATGPX2* and *ATGPX7*) were up-regulated in white sectors ([Fig. 3I](#fig3){ref-type="fig"}; see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at *JXB* online). Recent evidence indicates the importance of chloroplast-localized AtGPX7 for the regulation of cellular photo-oxidative tolerance and immune responses (Chang *et al.*, 2009). Consequently, it is apparent that white sectors respond to impaired plastid development and mitigate their susceptibility by activating various stress genes.

Response to oxidative stress in white sectors
---------------------------------------------

It was initially hypothesized that *var2* white sectors receive photo-oxidative stress at levels less than that that green sectors experience. It is noteworthy, however, that CSD2 up-regulation is limited to white sectors, despite the fact that green sectors accumulate high levels of ROS. Because plastids in white sectors are almost devoid of thylakoids and photosystems, white sectors might experience oxidative stress of a different type that does not result from the photoinhibition of PSII. For example, DNA oxidation, lipid peroxidation, and protein oxidation occur during several metabolic processes in organelles without thylakoids and photosystems. Moreover, because leaf tissues are originally subjected to light, several precursors of photosynthesis-related proteins might be fed into plastids of *var2* white sectors similar to chloroplasts. Supporting these possibilities, the plastids of white *albostrians* leaves retain the ability to synthesize tetrapyrroles halfway ([@bib46]). Some of these biosynthetic intermediate precursors (such as protochlorophyllide) might cause photo-oxidative damage in plastids ([@bib26]). Further study is necessary to elucidate the physiological properties of *var2* white sectors.

CSD2 up-regulation implicates stress response common in white sectors
---------------------------------------------------------------------

Similarly to the down-regulated genes, the up-regulated genes in white sectors were shared in *var2* and *im* ([@bib5]). This observation raises a possibility that tissues containing aberrant plastids (e.g. albino plants) as well as variegated sectors respond to oxidative stress. A literature search revealed that CSD2 is up-regulated in several *Arabidopsis* albino mutants (*fsd2*, *fsd3*, *tic21 pic1-1*, *tic20*, *alb3*, and *emb1303-1*, [@bib30]; [@bib17]; [@bib23]). In addition to these observations, CSD2 expression was examined in non-green tissues such as roots and calli that contain amyloplasts (see [Supplementary Fig. S4](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at *JXB* online). No induction of CSD2 protein or activity was detectable in these tissues. These results together imply that up-regulation of genes related to oxidative stress is a general response of tissues that contain defective chloroplast development. Overexpression of CSD2 apparently has no effect on the formation of leaf variegation (E Miura, unpublished data). Differential expression of CSD2 between white and green sectors does not simply contribute to the formation of leaf variegation. Although our transcriptome analysis demonstrates a physiological state of white sectors, it remains unclear how variegated sectors are formed. Further study on that subject is necessary.

One interesting finding of this study is the sector-specific accumulation of a microRNA, *miR398*, which negatively regulates *CSD2* expression by acting as a sensor component for copper availability. Chloroplasts are a major reservoir for copper because of the presence of plastocyanin, which is an electron transporter between cytochrome *b6/f* and PSI. Although copper functions as a necessary cofactor for plastocyanin, excess free copper might cause oxidative stress and cytotoxicity ([@bib25]; [@bib49]). Although further investigation is necessary, two inferences can be drawn from the repression of *miR398* in *var2* white sectors. First, CSD2 up-regulation is partly caused by copper availability and is a result of copper homeostasis rather than ROS scavenging. White sectors apparently lack thylakoids and plastocyanin, which can mimic a copper-sufficient condition. Second, white sectors are necessary to control strictly free transition metals (e.g. Cu and Fe) for protection from oxidative stress. For example, accumulation of FSD in white sectors is also explained by the lack of the Reiske Fe-S protein in cytochrome *b6/f*, which requires iron as a cofactor. Supporting this possibility is the up-regulation of ferritin (FER), which was previously found to function as an iron buffer and which is induced in response to oxidative stress ([@bib32]; [@bib11]). When our microarray data were re-examined for *FER* genes (*AtFER1, 3,* and *4*), results showed that these genes were up-regulated in white sectors (see [Supplementary Fig. S5](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) at *JXB* online). Consequently, our study in SOD again shows a common response to oxidative stress in the variegated sectors.

Conclusion
==========

In *var2*, both green and whites sectors are produced by living cells. However, physiological properties of both sectors differ profoundly. Green sectors suffer from photo-oxidative stress because of impaired PSII repair, and white sectors receive various oxidative stresses because of aberrant chloroplast development. Although *var2* green sectors, which produce ROS in chloroplasts, do not display detectable responses to ROS signalling and scavenging, white sectors do respond to the stresses and activate many genes such as *CSD2* and *sAPX*. The activation of stress-related genes is found in tissues with aberrant chloroplast differentiation as well as in variegated white sectors, probably as a common response to protect defective tissues that result from mutation.
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The following [supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1) are available at *JXB* online:

[**Supplementary Fig. S1**](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1). Venn diagram of differentially regulated genes in *var2*.

[**Supplementary Fig. S2**](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1). Bird\'s eye map by KaPPA-View.

[**Supplementary Fig. S3**](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1). Expression levels of *CCS*, *SOD* and *APX* genes.

[**Supplementary Fig. S4**](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1). SOD accumulation and activity in *var2* roots and callus.

[**Supplementary Fig. S5**](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1). Expression levels of *Ferritin* genes.

[**Supplementary Table S1**](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1). Gene lists of [Fig. 3B--I](#fig3){ref-type="fig"}.

[**Supplementary Table S2**](http://jxb.oxfordjournals.org/cgi/content/full/erq075/DC1). Primers used for RT-PCR and real-time RT-PCR.
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